The South Coast Air Basin of California, a region of 16.8 million people, is among the most polluted air basins in the United States. A multidecadal effort to attain federal air-quality standards has led to significant progress, but much more work remains. Are recently implemented statewide building efficiency standards on rooftops counterproductive to these goals? With comprehensive regional models and intensive development of model input parameters, our research has identified the airquality consequences that are expected to result from these efficiency standards. The results can
Ozone levels within the SoCAB are often the highest in the nation (1). We use cookies on this site to enhance your user experience. By clicking any link on this page you are giving your consent for us to set cookies.
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The hot and sunny conditions typically experienced within the SoCAB make urban surface modification a useful strategy to reduce urban temperatures. Meteorological impacts of roofing materials with enhanced solar reflectance (SR, synonymous with "albedo"), colloquially referred to as "cool roofs," are well-studied and indicate several benefits in urban areas. The replacement of darker materials with high-reflectance surfaces within cities can help mitigate the urban heat island effect (2 -14) . Moreover, meteorological modeling suggests that the deployment of cool roofs will reduce afternoon summertime temperatures, leading to reduced cooling energy demands, resulting in a curtailment of greenhouse gas emissions (15, 16) in most urban areas. Cool roofs will also lower the Earth's radiative forcing by increasing the global albedo (17 -19) , although impacts on global climate remain unsettled in the literature (20) , with recent research suggesting effects are negligible (4).
Cool roofs can affect air quality through several mechanisms, although there are far fewer studies investigating these effects compared with the wealth of meteorological and climatological studies.
Because the air-quality effects of urban surface modification by cool roofs are complex and nonlinear, comprehensive emissions processing, meteorological, and chemical transport models are needed to accurately determine potential impacts on air quality for policy-making purposes. Potential changes in mixing height and ventilation (21) wavelengths. Although this increase in UVR is unrealistically high, the authors saw a significant increase in peak O concentrations during a clear-sky, sunny period, which they attribute to increases in reflected UV radiation.
In this research effort we aim to rigorously evaluate the air-quality effects in the SoCAB of current coolroof installation policies in California Title 24 Building Energy Efficiency Standards (Title24) (30) . Besides O , we also focus on PM concentrations, a pollutant that largely drives the health impacts of air pollution in southern California (31) and whose link to cool-roof adoption is not widely studied. With We use cookies on this site to enhance your user experience. By clicking any link on this page you are giving your consent for us to set cookies.
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newly analyzed data on the UVR of hundreds of real-world roofing products, we directly evaluate the assumption used in previous studies that standard and cool roofs have nearly the same UVR and then probe the sensitivity of UVR on resulting pollutant concentrations. Rather than focusing on specific air- (33) to determine base-case values for each 4-km model grid cell. The current SR of rooftops for each Title24 category in the SoCAB was calculated by combining recent aircraft-based remote sensing measurements of rooftops in Los Angeles and Long Beach, CA (8, 9) with SCAG land-use data ( Table   1 ). The projected future building SR, set by the Title24 standards, along with the current building SR, calculated with the remote sensing measurement data, allowed us to determine the expected change in SR in the fraction of each grid cell occupied by buildings and determine the monthly SR for each grid cell if all rooftops meet Title24 standards. Fig. 1A details the calculated change in grid-cell average SR in response to full implementation of Title24 standards. 3 
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Find out more for a wide variety of traditional and cool roof materials as a function of wavelength for high slope ( Fig.   2A ) and low slope ( Fig. 2B ) roofing materials (SI Appendix, Table S2 ). We define cool roofs, based on Title24 standards, as those with an SR above 0.20 and 0.63 for low-slope and high-slope roofing materials, respectively. To serve as an extreme upper-bound increase in UVR, we set the maximum change in reflectance at each CMAQ wavelength range to be the largest difference between the cool and standard roofing materials (Fig. 1B) and applied these differences to each of the Title24 categories based on their corresponding area in each grid cell. Projection of UVR is discussed more
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Find out more comprehensively in the SI Appendix. We also explored the scenario where UVR does not change to serve as a lower bound. Each of these scenarios was used to drive photochemistry in the Title24 simulations in CMAQ. The Title24 SR changes as derived in the previous paragraph were used for the 410-to 850-nm wavelength band in the CMAQ simulations.
Fig. 2.
Range of wavelength-dependent reflectance of cool and standard roofing materials for high-slope (A) and low-slope (B) applications.
Emissions Processing.
On-road NOx and VOC along with biogenic VOC emissions profiles are dependent on meteorology. We use cookies on this site to enhance your user experience. By clicking any link on this page you are giving your consent for us to set cookies.
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Within the SoCAB, changes in power-generation emissions are expected to be insignificant with the widespread implementation of cool roofs and are not accounted for in the modeling. Emissions from power generation are only responsible for 0.4% of the total NOx emissions in the 2012 emission inventory. Additionally, only 37% of the total electricity consumed is generated within the SoCAB (1).
Meteorological and Chemical Transport Modeling.
WRF version 3.6.1 was used with a North American Regional Reanalysis field to simulate 2012 meteorology on three nested grids, with an inner 4-km grid covering the modeling domain (SI Appendix, 
Results and Discussion
Changes in Meteorology.
WRF simulations of 2012 meteorology representing the baseline (MODIS-derived SR) and Title24 (SR modified for cool-roof adoption) cases are summarized in Fig. 3 . Annual averaged daily high temperatures are projected to decrease throughout the SoCAB (Fig. 3A) with the largest decreases 3 2.5
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Find out more (∼0.35 K) in areas with the largest change in SR. Changes in the daily maximum planetary boundary layer height (PBLH) (Fig. 3B) are negative; the mixed layer height will decrease by 40-65 m in the most polluted areas of the SoCAB in the Title24 scenario, a significant difference compared with modelpredicted average daily maximum mixed layer heights of 1-2 km. A decrease in surface temperature can reduce the buoyancy of the surface air, leading to a reduction in vertical mixing. Lower surface temperatures on land decrease the land-sea temperature gradient, slowing down the daytime sea breeze-an important mechanism that drives relatively clean marine air into the SoCAB. The average of the 9 AM-to-3 AM ventilation coefficient (VC), the integral of the horizontal wind velocity with respect to height at all layers below the maximum mixing depth (40) (Fig. 3C) , decreases throughout the SoCAB with implementation of Title24. Daily profiles of the change in several meteorological variables are presented in SI Appendix, Figs. S29-S32. 
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Changes in PM Concentrations.
Several year-long CMAQ simulations were conducted to determine the individual effects of changes in meteorology, emissions, enhanced SR, and a range of hypothetical changes in UVR. Fig. 4A shows the change in annual PM concentrations between the baseline simulation (scenario I in Table 2 ) and a simulation using Title24 meteorology, emissions resulting from the Title24 meteorology, and the assumption that UVR does not increase (scenario IV). Average PM concentrations increase throughout the SoCAB, presumably caused by reductions in mixing heights and VCs, as well as partitioning of semivolatile species to the particle phase at lower temperatures. In the populated central We use cookies on this site to enhance your user experience. By clicking any link on this page you are giving your consent for us to set cookies.
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Simulated changes in PM and O at polluted locations
Changes in annual averaged PM at the Mira Loma monitoring location-the most polluted PM station in the SoCAB-for each simulation are presented in Table 2 . Implementation of Title24 emissions (scenario III) does not affect PM concentrations relative to the baseline scenario (scenario I). However, the inclusion of Title24 meteorology (scenario IV) leads to an annual average PM increase of 0.19 ± 0.007 µg⋅m . Increases in UVR (scenario V) lead to minimal changes in PM concentrations.
Changes in SoCAB maximum annual and 24-h PM policy-relevant DVs calculated with the EPArecommended relative response factor approach are also shown in Table 2 Changes in Ozone Concentrations. We use cookies on this site to enhance your user experience. By clicking any link on this page you are giving your consent for us to set cookies.
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Find out more bound case is relatively small, ranging from 0 to 0.027 depending on location (Fig. 1B) , ozone formation is still extremely sensitive to these increases. The projected changes in SoCAB-maximum DVs for 8-h We use cookies on this site to enhance your user experience. By clicking any link on this page you are giving your consent for us to set cookies.
Find out more and 1-h O are presented in Table 2 . Changes in O concentrations and DVs are linearly dependent on the degree of UVR increases (SI Appendix, Fig. S33 and Table S1 ). Policy Implications. The O concentration sensitivity to small changes in cool-roof UVR supports the establishment of a standard regulating the UVR of certified cool-roof materials. Currently, materials must meet specific SR standards for consideration as a cool-roof material. Establishment of an additional UV standard could 
Find out more help minimize inadvertent increases in O . Furthermore, it is possible that a reduction in UVR below current values will lead to improvements in O air quality throughout the SoCAB; this may be a costeffective O control strategy. Remote sensing measurements of the current rooftop stock to survey UVR could help set standards such that cool-roof materials do not lead to increases in UVR when they replace existing rooftops.
When assessing the impacts of cool roofs, it is important to consider all environmental and economic consequences. For example, benefits from a reduction in heat-related mortality may outweigh the increase in mortality from enhanced PM pollution. Also, widespread increases in urban SR can help to combat the local impacts of climate change. Potential energy bill savings are also an important benefit. In addition, there are other mechanisms to control ambient air pollution such as emission reductions, whereas tools for mitigation of the urban heat island effect are more limited. Without a comprehensive analysis of all of the benefits of cool roofs it would be a mistake to discourage this technology solely on the basis of air quality alone. Title24 does not affect rooftops in every climate zone. Therefore, the SR and UVR of pavements may be an important driver of regional air quality and human exposure to UV radiation and should be considered when evaluating cool pavement materials.
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